Broadband Multifocal Conic-Shaped Metalens by Bao, Yanjun et al.
Broadband Multifocal Conic-Shaped Lens  
Yanjun Bao†, Qiao Jiang†, Yimin Kang, Xing Zhu, and Zheyu Fang* 
School of Physics, State Key Lab for Mesoscopic Physics, Peking University, Beijing 100871, 
China 
†These authors contributed equally to this work. 
 
*Email: zhyfang@pku.edu.cn 
 
Multifocal lens, which focus incident light at multiple foci, are widely used in imaging systems and 
optical communications. However, for the traditional design strategy, it combines several lenses that 
have different focal points into a planar integrated unit, resulting a low imaging quality due to the high 
background noise. Here, we propose two kinds of multifocal metalens with Au nanoslits arranged in an 
elliptical and a hyperbolic shape, which are able to effectively focus incident light at all of the foci with 
constructive interference, and extremely decrease the background noise and improve the lens imaging 
performance at the nanoscale. We further demonstrate that, the proposed metalens can possess a 
broadband operation wavelength changed from 600 nm to 900 nm, with its dual-polarity actively 
controlled by the incident circular polarization lights. With great agreement between the experimental 
and simulation results, our proposed conic-shaped metalens provides a significant potential for the 
future integrated nanophotonic device. 
 
 
 
 
 
INTRODUCTION 
Lens as one of fundamental optical components, has served people for hundreds years, shows 
marvelous applications in our daily life. With development of the modern industrialization, traditional 
lens fails in the miniaturization because of the optical diffraction limit and its long optical path for 
phase change accumulation. Metamaterials with designed patterns, on the other side, have been 
demonstrated effectively used to control the electromagnetic waves with custom-tailored optical 
response, such as negative index (1, 2) and cloaking (3, 4). Recently, metasurface was presented the 
ability to manipulate the wavefront of light, and introduce abrupt phase shift within a deep 
subwavelength distance at the interface (5-13). Ultra-thin metalens based on metasurface further breaks 
the thickness constraint of the traditional lens, and allows the miniaturization of future optoelectronic 
device (14-20).  
Multifocal lens, which is used to focus incident light at multiple foci, has widely used in the imaging 
system and optical communications (21-25). In comparison with the conventional phase accumulation 
design (21, 22), metasurface engineering was recently implemented for the multifocal lens with the 
solution of designing several zone areas, and for each of the zone corresponds to one of the focal points 
(23-25). Though the light can be focused effectively for each of the zone, the entire multifocal lens 
shows a decreased optical performance, because the lens in a given region only constructively 
contributes to its corresponding focal point, and at the same time it also increases the background noise 
to the other areas. The strong background noise seriously impedes the application of multifocal lens for 
the ultrasensitive signal collection. Therefore, there is a huge demand for the design of efficient 
multifocal lens that can focus the incident light at all its focal points with constructive interference. 
Metallic nanoslits arranged in an elliptical and a hyperbolic shape have been successfully 
demonstrated to have different and peculiar optical spin properties in the optical near-field (26). Due to 
different geometries, the ellipse- and hyperbola-shaped metasurfaces can realize optical spin Hall effect 
and spin-selective effect, respectively (26). In this letter, we further show that these two conic-shaped 
metasurfaces can not only realize the two optical spin phenomena in the far field, but also can be 
applied as the multifocal lens with constructively interfering at its all focal points. The polarity and 
focal positions of the metalens can be further controlled with the helicity of incident circular 
polarization (CP) light. The proposed metalens configuration provides a possible solution for the future 
multifocal lens design and easy fabrication. 
 
Fig. 1. Conic-shaped metalens for constructively interference at multifoci. (A and B) Schematics of an 
ellipsoid (A) and hyperboloid (B) with its two foci at points F1 and F2. The intersection of a plane with the 
ellipsoid (hyperboloid) results in an elliptical (hyperbolic) curve. (C) Schematic of a metalens composed of 
nanoslits with two foci at F1 and F2 under the illumination of CP light.  is the orientation angle of nanoslit 
relative to the x axis. Points F1’ and F2’ are the mirror points of F1 and F2 respect to the metalens. 
 
RESULTS AND DISCUSSION 
We first consider an ellipsoid and a hyperboloid (Fig. 1A and 1B), which are defined by equation of 
r1±r2=constant, where r1 and r2 are the distances from the quadric surfaces to their two foci F1 (x1, y1, z1) 
and F2 (x2, y2, z2), respectively. To apply them into optics, we introduce a geometric-phase term  
that is distributed over the two quadric surfaces and rewrite their equations as follows: 
(kr1+  (kr2+  =constant  (ellipsoid)                     (1) 
(kr1  (kr2  =constant  (hyperboloid)                  (2) 
where k is the wave vector of light and = 1   corresponds to the helicity (or spin) of right- (RCP) 
and left- (LCP) circular polarization. Assuming that the geometric-phase distribution satisfies that the 
phase term within the first bracket kr1+  is a constant value (modulo 2) over the two quadric 
surfaces, the phase terms within the second bracket are automatically constant values, too. This means 
that light with different spin states can simultaneously constructively interfere at each of the two foci of 
the ellipsoid and light with one particular spin state can be accumulated (constructively interfering) at 
both foci of the hyperboloid. The two phenomena can be considered as optical spin Hall effect and spin 
selective effect. This difference is arisen from the opposite geometric-phase term in the second brackets 
in Eq. (1) and Eq. (2). The constructive interference at both foci is the property of an ideal multifocal 
lens. The intersection of a plane with the ellipsoid and hyperboloid results in an elliptical and a 
hyperbolic curve, as we called ellipse-shaped metalens (ESM, Fig. 1A) and hyperbola-shaped metalens 
(HSM, Fig. 1B).  
Traditional method for constructing such a two-foci metalens is to design two area patterns with each 
of the area presenting one functionality (23, 24, 27), However, as mentioned before, such metalens 
cannot focus light constructively at both foci, therefore the background noise is high, and imaging 
quality is reduced. We expect that our proposed conic-shaped metalenses may decrease the background 
noise and improve the lens imaging performance, as we will demonstrate below. 
To introduce the geometric phase, we note that with the illumination of LCP/RCP incidence, the 
transmission light through a nanoslit perforated at metallic film carries an additional geometric phase 
±2 (=2) in its cross polarization (5, 6, 15, 28), where is the orientation angle of the nanoslit 
relative to the x axis, as shown in Fig. 1C. The orientation of each nanoslit of the ESM and HSM can be 
determined by the constraint equation of kr1+ 2  =constant (modulo 2). 
 
Fig. 2. Numerical demonstrating of the focus of CP light in ESM and HSM. (A to C) Schematics of the 
designed ESM (A) and simulated electric field intensities at xz plane (x∈[-10,10]m, y=0 m, z∈[-20,20]m ) 
for LCP (B) and RCP (C) incidences, respectively. (D to F) The same as A-C, but for HSM. The CP light is 
incident from the left side and scattered to the right side of the metalens. The distance between the two focal points 
(F1 and F2) are 10 m, and the focal length of the metalens is f=10 m. The metalens is located at plane z=0 m. 
 
In order to verify our proposed ideas, ESM is designed that LCP and RCP light are focused at points 
F1 and F2, respectively (2+kr1=constant and -2+kr2=constant), while HSM is designed that LCP 
light is focused at both foci F1 and F2 (2+kr1=constant and 2+kr2=constant). The two metalenses 
have a radius of 10 m, and operate at wavelength of 785 nm (Fig. 2A, 2D and fig. S1). The 
coordinates of two focal points are x1=-x2=-5 m, y1=y2=0 m and z1=z2=10 m. To demonstrate our 
prediction, finite-difference time-domain (FDTD) simulations were performed to calculate the electric 
field intensities at xz plane with y=0 m. Details of the calculation of the fields at any positions 
(including virtual plane) can be found in Methods. Figure 2 (B and C) shows the field intensity 
distributions of ESM with LCP (Fig. 2B) and RCP (Fig. 2C) incidences. As expected, LCP and RCP 
lights are focused at F1 and F2, respectively. Moreover, we also observed a virtual focal point F2’ 
(mirror point of F2) with LCP incidence and a virtual focal point F1’ (mirror point of F1) with RCP 
incidence. This is because the ESM also fulfills the following two equations: -2-kr1=constant and 
2-kr2=constant, which correspond to the virtual focal points F1’ and F2’ with RCP and LCP 
incidences, respectively. The proposed ESM has dual polarity (positive and negative) with a real and a 
virtual focus under the illumination of CP light. 
For the HSM, Fig. 2E shows that there are two focal points F1 and F2 at the real focal plane with the 
illumination of LCP light. When the polarization is altered to RCP (Fig. 2F), two virtual focal points F1’ 
and F2’ emerge at the virtual focal plane because the HSM also fulfills the two equations: 
-2-kr1=constant and -2-kr2=constant. The polarity of HSM changes from positive with LCP 
incidence to negative with RCP incidence. Because the light is focused off-axis of the metalens, the 
intensity distribution at focal point is asymmetric (fig. S2). The simulated full width at half maximum 
(FWHM) of the focus along x axis for both metalens is about 560 nm, less than the incident wavelength 
785 nm. The spot size and FWHM are strongly dependent on the radius of metalens and can be reduced 
by increasing the lens radius (fig. S3). 
 
 
Fig. 3. Comparison of focal performance between ESM and traditional metalens. (A) Schematics of designed 
patterns of ESM. All the nanoslits in ESM constructively interfere at both foci. (B to D) Electric field intensity 
distribution (B), Gaussian fitting signals of the two focal peaks (C) and the noises (D) for ESM at xz plane with 
RCP incidence. (E to H) The same as A-D, but for traditional metalens. The traditional metalens is divided into 
two zones, with the green nanoslits contribute to one focus, and the blue nanoslits contribute to the other. The 
intensities in F ,G and H are magnified by a factor of 4. 
 
To compare with our conic-shaped metalens, we use traditional method to design a metalens (Fig. 
3E), which includes two zones, with one (green nanoslits) corresponds to focus F1 under LCP incidence 
and the other (blue nanoslits) corresponds to focus F2 under RCP incidence. This traditional metalens 
has the same radius and the same number of nanoslits with ESM (Fig. 3A). The full designed patterns 
of ESM and traditional metalens are shown in fig. S1 and fig. S4, respectively. Figure 3 (B and F) 
shows the field intensity distribution at xz plane with RCP incidence for the two metalenses. Because 
only half-zone nanoslits constructively interfere at the foci, the peak intensity of traditional metalens is 
about one quarter of that of ESM. To estimate the signal-to-noise ratio (SNR), we use two-dimensional 
Gaussian function to fit the peaks as the signals (see the Supplementary Materials), as shown in Fig. 3 
(C and G) for ESM and traditional metalens, respectively. The noise is defined as the absolute value of 
the difference between the total field intensity and the Gaussian fitting functions (Fig. 3, D and H). It is 
clearly observed that the background noise of traditional metalens is much larger than that of ESM. The 
calculated results show that the SNR of ESM is 2400, which is about four orders higher than that of 
traditional metalens (0.15).  
 
Fig. 4. Experimental demonstration of the focusing performance for ESM and HSM. (A) SEM images of 
ESM. Each nanoslit has a width of 100 nm and length of 300 nm. The inset shows a magnified SEM figure of a 
nanoslit (scale bar: 200 nm). (B and C) Measured xz plane optical field intensities of ESM with LCP (B) and RCP 
(C) incidences. The insets shows the xy planes at the real focal plane z=10 m and virtual focal plane z=-10 m. (D 
and E) Line plots of the intensities as a function of x at real and virtual focal planes with LCP (D) and RCP (E) 
incidences for ESM. (F to J) The same as in (A-E) but for HSM.  
 
To experimentally demonstrate the focusing performance of the designed metalens, we fabricated 
two conic-shaped metasurfaces by evaporating a 80 nm thickness of Au onto a glass substrate followed 
by focused ion beam (FIB) milling of the nanoslit pattern (See Methods). The parameters of the 
metalens are exactly the same as that in the FDTD simulations. Scanning electron microscopy (SEM) 
images of these two metalenses are shown in Fig. 4 (A and F). Far-field optical microscopy was 
employed to measure the optical intensity distributions (detection setup is shown in Methods and fig. 
S5). In the measurement, a motorize actuator was used to accurately adjust the distance between the 
objective lens and the sample. The optical intensity at xz plane can be obtained from a continuous 
images of xy planes at set distances over and below the sample.  
Figure 4 (B and C) shows the measured optical intestines of ESM with LCP and RCP incidences at 
the wavelength of 785 nm. Two focal points with one real (z=10 m) and one virtual (z=-10 m) can be 
clearly observed for both cases, but with different focal positions. For the HSM, LCP light can be 
focused at two real focal points in front of the sample (z=10 m), and RCP light is focused at two 
virtual focal points at the incident side (z=-10 m), as shown in Fig. 4 (G and H). Movie 1 and Movie 2 
show a gradual evolution of measured optical intensity at xy plane with CP light when z ranges from 20 
m to -20 m for ESM and HSM, respectively. The measured FWHM of the focal points along x axis 
range from 0.78 to 1.03 m for ESM (Fig. 4, D and E) and range from 0.83 to 1.05 m for HSM (Fig. 
4, I and J), which are comparable to the incident wavelength 785 nm, but larger than the simulation 
result 560 nm. This deviation may be induced by the nanofabrication and measurement inaccuracy. 
 
 Fig. 5. Broadband focal properties for ESM and HSM. (A to D) Measured xz plane (x∈[-10,10]m, z∈
[-20,20]m) optical intensities of ESM (A and B) and HSM (C and D) with LCP and RCP incident lights at 
wavelengths (z axis) of 600, 700, 800 and 900 nm. (E) Schematic of the defection of light incident on a metalens 
with a phase shift (x,y). The light (red arrow) is normally incident and the transmission light is defected at angles 
with t and t. (F and G) Focal length as a function of wavelength for ESM (F) and HSM (G). The blue line, red 
solid circle and olive solid square show the theoretical predictions, simulated results and experimental results. For 
each metalens, there are four focal points in total with LCP and RCP incidences. The error bar is defined by the 
deviation of the focal lengths of the four foci. 
 
We further demonstrate that our proposed conic-shaped metalenses can work well within a 
broadband wavelength ranging from 600 to 900 nm. Figure 5 (A to D) shows the measured optical 
intensities of xz planes for the two metalenses at selected wavelengths of 600, 700, 800 and 900 nm. 
Focal points can be clearly observed for all cases, which is consistent well with our simulation results 
in fig. S6. However, the position of the focus varies with the wavelengths for both metalenses. Figure 5 
(F and G) are the simulated (red solid circle) and measured (olive solid square) results, which show that 
the focal length decreases with the increasing of the incident light wavelength. This phenomenon is 
associated with the intrinsic dispersion of optical lens, and can be explained by generalized Snell’s laws 
of out-of-plane refraction (7, 8). Take the focal point F1 for example, the phase shift ( , )s x y induced 
by the metalens is  
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Substituting Eq. 3 to Eq.4, the focal length can be theoretically calculated as cot(t)x1 and shown as 
the blue lines in Fig. 5 (F and G), which also exhibits a decreasing trend of focal length with the 
increasing of the incident wavelength. 
In summary, we have theoretically and experimentally demonstrated that the two conic-shaped 
metasurfaces can be used as multifocal lens in the far field. Their difference in the focusing 
performance is also discussed. In comparison with the traditional multifocal lens, our proposed 
metalens can focus the incident light at all of the focal points constructively and increase the SNR 
value by a factor of four orders of magnitude. We further show that these two conic-shaped metalenses 
can possess dual polarity under incident CP lights. Moreover, the designed metalens can operate well 
within a broadband incident wavelength from 600 to 900 nm in the visible range, and the dependence 
of focal length on incident wavelength was successfully explained by the generalized Snell’s law. 
Because of the subwavelength size of nanoslit, the transmission efficiency of the metalens is relative 
low. One way to increase the transmission is to decrease the thickness of the metalens or to use 
dielectric block (16) instead to generate the geometric phase distribution. Our work successfully 
applies the conic concept into optics, and enables the miniaturization of multifocal lens with improved 
imaging performance. 
 
Methods: 
Sample fabrication and measurement set-up. We evaporated 80 nm thickness Au film onto a glass 
substrate and used focused ion beam (FIB) milling to etch the nanoslit structures on the film. The 
evaporation rate of Au was 0.5 Ås-1 and the ion beam current was 20 pA to ensure the fabrication 
accuracy. Fig. S5 shows the schematic of the optical measurement setup. A super-continuum laser 
source (SC-5, YSLP) with wavelength ranging from 450 to 2000 nm is used as the incident light. An 
acousto-optic tunable filter (AOTF) is used to select a specific wavelength from the broadband laser 
source. The incident and transmitted CP lights were generated by a quarter-wave plate (QWP) and a 
polarizer on each side of the sample. The light scattered by the metasurface was collected with an 
objective (40×/0.75) and imaged on a CMOS camera. The sample was mounted on a three-dimensional 
stage with a motorize actuator (LTA-HS, Newport) to accurately adjust the distance between the 
objective and the sample with a resolution of 200 nm. All the optical components and the CMOS 
camera were positioned in a straight line. 
Numerical simulation. We performed simulation by using a commercial software FDTD solutions 
(Lumerical). To calculate the electric field intensity at any positions, we just record the near field 
intensities at xy plane (large enough to collect most of the light) below the metalens (z>0). A near to far 
field projection was employed to calculate angular distribution of the far fields E(kx,ky). The total field 
was obtained as the sum of all the plane waves multiplied by a phase factor:
( )
( , , ) ( , ) x y z
i k x k y k z
x yE x y z E k k e
 
 . The virtual plane was defined as where z<0. This method 
enable us to calculate the field anywhere by just simulating a small region around the metalens. 
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Design of conic-shaped metalens 
 
The ESM is designed that LCP and RCP light are focused at points F1 and F2, respectively. We can 
write the two following equations: 2+kr1 =2m+1 and -2+kr2 =2n+2, where k is the wave vector 
of the incident light, m and n are two integers, 1 and 2 are constant values. By adding above two 
equations, we can have  
r1+ r2=(l+0)S1 
where l is an integer, is the wavelength of incident light, and 0=(1+2)/2 The HSM is designed 
that LCP light is focused at both foci F1 and F2, which gives the two equations: 2+kr1 =2m+1 and 
2+kr2 =2n+2. By subtracting these two equations, we have 
 r1-r2=(l+0)S2
where l is an integer, is the wavelength of incident light, and 0=(1-2)/2 Fig. S1 shows the pattern 
of our designed ellipse- and hyperbola-shaped metalens operating at wavelength of 785 nm. The focal 
length is 10 m. For ellipse-shaped metalens (ESM), the l value in Eq. S1 ranges from 28 to 37, and 
0=0. Thus there are 10 elliptical curves in total. For hyperbola-shaped metalens (HSM), the l value in 
Eq. S2 ranges from -9 to 9, and 0=0. Each nanoslit has a width of 100 nm, and length of 300 nm. The 
distance between two adjacent ones is chosen as 400 nm at least to avoid overlapping with each other. 
The radius of both metalenses are about 10 m.  
 
 fig. S1. Design patterns of conic-shaped metalens. Top view of the patterns of ESM (a) and HSM (b). 
 
 
fig. S2. Simulated results of ESM and HSM at wavelength 785 nm. The data are the same as that of 
Fig. 2 in the main text but plotted in flat form. Because the light is focused off-axis, the resulted focus 
is asymmetric. 
 
 
Radius-dependent spot size 
 
The inset of Fig. S3 shows a focus of ESM. Because the focus is asymmetric, we define two FWHM 
values w1 and w2 along the mirror and major axes of focus. Fig. S3 shows the spot size of real focus of 
ESM with RCP incidence as a function of radius of metalens. With the increasing of radius, the N.A. of 
metalens increases and the FWHM of spot size gradually decreases.  
 
fig. S3. Simulated spot size of focus as a function of the radius of metalens. The inset shows the 
shape of the real focus, where the FWHMs w1 and w2 along the two different directions are defined. 
The operation wavelength is at 785 nm.  
 
Design of traditional metalens 
 
Fig. S4 shows the pattern of a metalens designed with traditional method. All the nanoslits are 
located on circular traces with different radii. The metalens are divided into two zones, with one area 
(green nanoslits) corresponding to F1 (x1=-5 m, y1=0 m, z1=10 m) under LCP incidence and another 
(blue nanoslits) corresponding to F2 (x2=5 m, y2=0 m, z2=10 m) under RCP incidence. The radius 
of the outer most boundary of metalens is 10 m and the numbers of circles are 10, which is the same 
as ESM. With RCP incidence, there will be one real focus at F2, and a virtual focus at F1’. 
 fig. S4. Metalens designed by traditional method. The metalens is divided into two zones (different 
colors), one corresponds to F1 with LCP incidence and another corresponds to F2 with RCP incidence.  
 
 
Calculation of signal-to-noise ratio (SNR)  
 
With RCP illumination, both the ESM and traditional metalens have two focus spots, F2 (x2,y2,z2) and 
F1’ (x1’,y1’,z1’). We first define a rotation matrix as 
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where  is the angle of the major axis of the spot relative to the x axis(inset figure of Fig. S3). 
To extract the signals, we fit the two peaks by two dimensional Gaussian function as   
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where the first and second terms are the fitting functions for foci F2 and F1’, respectively, A and B are 
the magnitudes, w1 (w3) and w2 (w4) are the line widths along the mirror and major axes of foci,
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, and are 
the angles of the major axis of the foci F2 and F1’ relative to the x axis. 
The noise N is defined as the absolute value of the difference between the total field T and the 
Gaussian fitting signals I as N=abs(T-I). The total powers of signal and noise are the integration over 
the xz plane S (x∈[-10,10]m, y=0 m, z∈[-20,20]m): signalP IdS  and noiseP NdS  . 
The SNR is defined as  
signal
noise
P
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P
 .                                                         S5 
 
 
Schematic of the optical measurement setup 
 
 
fig. S5. Schematic of the optical measurement setup. The incident and transmitted CP lights are 
generated by a quarter-wave plate (QWP) and a polarizer (P) on each side of the sample. The light 
scattered by the metasurface is collected with an objective (40×/0.75) and imaged on a CMOS camera. 
The sample is mounted on a three-dimensional stage with a motorize actuator (LTA-HS, Newport) to 
accurately adjust the distance between the objective and the sample with a resolution of 200 nm. All the 
optical components and the CMOS camera are positioned in a straight line. 
 
 
 
 Simulated results of the broadband focal properties of conic-shaped metalens 
 
fig. S6. Simulated electric field intensity distributions of conic-shaped metalens within broadband 
wavelengths. The field intensities at xz plane (x∈[-10,10]m, z∈[-20,20]m) for ESM and HSM 
with LCP and RCP incident light at wavelengths of 600, 700, 800 and 900 nm. The simulation shows 
that the focal length gradually decrease with increasing of wavelength.  
 
